BACKGROUND: ST2, part of the interleukin-1 receptor family, is released from cardiac myocytes under mechanical strain. Soluble ST2 (sST2) concentrations are associated with adverse cardiac events in high-risk cohorts. We evaluated the association of sST2 with allcause and cardiovascular mortality in a large, low-risk population-based cohort.
and cardiovascular mortality. Further investigation is needed regarding the role of sST2 in risk prediction, particularly among African Americans.
© 2013 American Association for Clinical Chemistry ST2, a member of the interleukin-1 (IL-1) 4 receptor family, is induced when cardiac myocytes and fibroblasts undergo mechanical strain (1 ) . The ST2 gene encodes two isoforms: ST2 ligand (ST2L), the functionally active transmembrane form, and a shed, truncated soluble ST2 (sST2), a circulating protein detectable in human plasma (2 ) . Both isoforms and their active ligand, IL-33, are upregulated in cardiomyocytes stimulated by mechanical stressors such as angiotensin II and phenylephrine (3 ) . In vivo studies demonstrate that IL-33/ST2L signaling reduces cardiac myocyte hypertrophy, prevents apoptosis after ischemia/reperfusion injury, and inhibits cardiac fibrosis. These effects are reversed by administration of sST2 (3, 4 ) . On the basis of these findings, sST2 is believed to be a decoy receptor, limiting the cardioprotective effects of IL-33/ ST2L activation. sST2 has also been investigated as a potential circulating cardiac biomarker. Studies in patients with acute and chronic heart failure (HF) (5) (6) (7) (8) and acute myocardial infarction (9, 10 ) have reported associations between higher plasma concentrations of sST2 and increased risk for mortality and nonfatal adverse cardiac events such as worsening heart failure, evolving infarct size, recurrent myocardial infarction, and stroke. The prognostic value of sST2 in these high-risk populations has been demonstrated to be independent of traditional markers of cardiac injury and neurohor-monal activation. However, to our knowledge, no prior study has evaluated sST2 as a cardiac biomarker in the general population. In the present study, we performed a comprehensive evaluation of sST2 in the Dallas Heart Study, a large, multiethnic population-based cohort.
Materials and Methods
The Dallas Heart Study (DHS) is a probability-based population sample of Dallas County residents ages 18 -65 (11 ) . African Americans were intentionally oversampled to achieve a final cohort of approximately 50% African Americans and 50% women. This study includes 3294 DHS participants between ages 30 and 65 years with measured plasma sST2 concentrations.
Traditional risk factors were directly determined by physical exam, laboratory evaluation, or selfreported medication history, as previously described (11 ) . History of HF was determined by self-report. Self-reported annual household income and education were used as a measurement of socioeconomic status, each categorized into 4 ordinal groups. Renal function was based on estimated glomerular filtration rate (eGFR).
We ascertained nonfatal cardiovascular events from quarterly tracking of the Dallas-Fort Worth Hospital Council Data Initiative database through 2009. This database is updated quarterly and consists of 100% of hospital admission and discharge data for 70 of 72 hospitals in the Dallas-Fort Worth metropolitan area. We requested primary records for all suspected cardiovascular events, and these events were each adjudicated separately by two cardiologists. Adjudicated events included nonfatal myocardial infarction, hospitalization for unstable angina, coronary revascularization (percutaneous revascularization or coronary artery bypass graft surgery), stroke or transient ischemic attack, peripheral artery revascularization, hospitalization due to congestive heart failure, and hospitalization for atrial fibrillation.
All-cause, cardiovascular, and cancer mortality were based on National Death Index Data through December 31, 2009 (median follow-up 8.3 years; interquartile range 7.9 -8.8 years). Cardiovascular death was defined with International Classification of Diseases, Revision 10 (ICD-10) codes I00 -I99 (12 ) . Noncardiovascular death excluded ICD codes I00 -I99, and cancer deaths were defined with ICD-10 codes C00 -C99.
Coronary artery calcification (CAC) was calculated as the average score on two consecutive electronbeam computed tomography scans (13 ) . Aortic imaging was performed with a 1.5-Tesla whole-body MRI system (Intera, Philips Medical Systems) with a freebreathing, electrocardiograph-gated, T2-weighted turbo spin-echo (black-blood) sequence, as described previously (14 ) . Abdominal aortic plaque, aortic wall thickness, aortic compliance, and aortic pulse wave velocity were all determined as previously described (14 -18 ) . Left ventricular mass and left ventricular ejection fraction (LVEF) were calculated by the cardiac 1.5-Tesla MRI system, as previously described (15 ) . Personnel who performed imaging measurements were blinded to all participant data.
Samples were collected from venous blood in standard blood collection tubes containing citrate EDTA and maintained at 4°C for Յ4 h and then centrifuged (1430g for 15 min) at 4°C. Plasma was then removed, divided into aliquots, and frozen at Ϫ80°C until assays were performed. sST2 was measured from thawed frozen plasma at Alere with a sandwich assay on a Luminex 200 reader and modified paramagnetic Luminex beads from Radix Biosolutions with minimum and maximum detection limits of 0.40 and 200 g/L, respectively. For comparison, the limit of detection for the Presage assay (Critical Diagnostics) is 1.3 g/L. The intraassay and interassay CVs were 31% and 28% at the undetectable range and 13% and 12% in the detectable range. Personnel who performed the assays were blinded to all clinical data.
The following analytes were measured previously and the methods have been described: growth differentiation factor 15 (GDF-15) (16 ), cystatin C (17 ), highsensitivity C-reactive protein (hsCRP) (19 ) , pulmonary surfactant protein B (SP-B) (20 ) , osteoprotegerin (21 ) , N-terminal pro-B-type natriuretic peptide (NTproBNP) (22 ) , cardiac troponin T (cTnT) measured with a highly sensitive assay (23 ) , tumor necrosis factor-␣1 receptor (TNFR1A) (20 ) , lymphotoxin ␤ receptor (LTBR) (24 ) 
STATISTICAL ANALYSIS
Participants with sST2 concentrations below the detection limit of 0.40 g/L were categorized into the undetectable group. We grouped the remaining participants into quartiles. We compared demographic and clinical variables across increasing sST2 categories with the 2 trend test for categorical variables and the JonckheereTerpstra test for continuous variables. Correlations between selected biomarkers and sST2 were evaluated by Spearman rank correlation coefficients. We used Cox proportional hazards models to assess associations between sST2 categories and all-cause mortality, adjusted for traditional risk factors including age, sex, race, hy-pertension, diabetes, smoking, hypercholesterolemia, low HDL cholesterol, body mass index (BMI), and eGFR. Further adjustments were made for history of HF, log hsCRP, log NT-proBNP, log GDF-15, and quantiles of cTnT. Proportional hazards assumptions were met for all models. Metrics of biomarker performance included the Chambless c-statistic (30 ) , timedependent integrated discrimination index (IDI) (31 ), calibration with a modified Hosmer-Lemeshow 2 statistic (32 ) , and category-less net reclassification index (NRI) (33 ) . We conducted similar analyses for nonfatal cardiovascular events, cardiovascular mortality, noncardiovascular mortality, and cancer mortality.
We conducted sensitivity analyses for all models excluding participants with a history of HF. Additional sensitivity analyses were conducted with inclusion of annual household income and education as an index of socioeconomic status. All models included only subjects with complete data available for covariates and the phenotype of interest. Two-sided probability values (P value) Ͻ0.05 were considered statistically significant.
Results

ASSOCIATIONS OF sST2 WITH CARDIOVASCULAR RISK FACTORS AND BIOMARKERS
The plasma concentration of sST2 ranged from 0.40 to 28.6 g/L. The overall prevalence of detectable sST2 was 33%. The prevalence of detectable sST2 was similar by sex (P ϭ 0.11) but was significantly higher in African American participants (44% vs 21% in non-African Americans, P Ͻ 0.0001) (Fig. 1) . The proportion of individuals with detectable sST2 was higher among those with vs without a history of cardiovascular disease (CVD) (37% vs 32%, P ϭ 0.02) and among those with vs without a history of HF (55% vs 32%, P Ͻ 0.0001), with a similar increment seen among African Americans with vs without a history of HF (60% vs 43%, P ϭ 0.003).
Although the prevalence of several traditional cardiovascular risk factors increased among those with detectable sST2 concentrations compared to those with undetectable concentrations, there were no statistically significant trends of cardiovascular risk factors across increasing quartiles of detectable sST2, with the exception of male sex ( Table 1 ). The proportion of individuals with detectable cTnT with the high-sensitivity cTnT assay increased significantly across sST2 categories, from 25% to 40% in the highest sST2 category (P Ͻ 0.0001). Concentrations of NT-proBNP did not significantly increase across sST2 categories, and history of HF did not correlate with increasing sST2 concentrations among those with detectable sST2 (Table  1) . sST2 was positively correlated with other inflammatory and cardiovascular biomarkers in the general population, including TNFR1A, LTBR, SP-B, and GDF-15 ( Table 2 ). sST2 was inversely correlated with sVCAM-1, sICAM-1, and caspase-3 ( Table 2 ).
ASSOCIATIONS BETWEEN sST2 AND CARDIOVASCULAR
PHENOTYPES
CAC and aortic wall thickness were marginally increased in those with detectable sST2 concentrations, but there was no graded relationship with increasing sST2 quartiles (Table 1) . Similar findings were observed for LV mass and aortic pulse wave velocity (Table 1). sST2 was not associated with LVEF.
Traditional cardiovascular risk factors modestly contributed to variation in detectable sST2 concentrations (c-index ϭ 0.68). Adding inflammatory markers increased the c-statistic for detectable sST2 to 0.78 (Supplemental Table 1 , which accompanies the online version of this article at http://www.clinchem.org/ content/vol59/issue3). The most influential variable was African American race, followed by TNFR1A and GDF-15(seeonlineSupplementalTable1).Amongparticipants with detectable sST2 concentrations, the multivariable risk factor model did not significantly explain meaningful variation in sST2 concentrations (R 2 from linear regression ϭ 0.01). Moreover, in analyses restricted to African American participants, age, BMI, and left ventricular mass were only borderline associated with detectable sST2 concentrations in multivariable models, with the largest contribution from TNFR1A (see online Supplemental Table 1 ).
ASSOCIATIONS OF sST2 WITH MORTALITY
A total of 164 deaths, including 65 cardiovascular deaths and 29 deaths due to cancer, occurred over a median follow-up of 8.3 years. Unadjusted all-cause mortality increased significantly across sST2 categories, from 4.0% in the undetectable category to 11.3% in the highest sST2 category (P trend Ͻ 0.0001) ( Table 3 ; Fig. 2A ). Similar trends were seen for cardiovascular mortality (P trend ϭ 0.0004), noncardiovascular mortality (P trend ϭ 0.0003), and cancer mortality (P trend ϭ 0.003) ( Table 3) . Sensitivity analyses excluding participants with a self-reported history of HF did not affect the trends for all-cause mortality across sST2 categories (P ϭ 0.0001) (Fig. 2) . In unadjusted Cox proportional hazards models, participants in the highest sST2 category (Ն92nd percentile) were at increased risk for all-cause mortality (hazard ratio 3.1, 95% CI 2.0 -4.7; P Ͻ 0.0001) compared to those in the undetectable group (Table 4) . The association with all-cause mortality was attenuated with adjustment for traditional risk factors and eGFR, but remained significant (hazard ratio 2.1, 95% CI 1.4 -3.2; P ϭ 0.0009) ( Table 4) . Additional adjustment for history of HF (Table 4) , annual income, or education levels (data not shown) did not alter the associations with all-cause death. However, additional adjustment for novel cardiovascular biomarkers, including log hsCRP, log NT-proBNP, log GDF-15, and cTnT, attenuated the associations with all-cause death (Table 4) . Sensitivity analyses with detectable sST2 did not alter the above findings. sST2 concentrations were not significantly associated with all-cause death in nonAfrican Americans (n ϭ 35 deaths; P ϭ 0.7). Formal testing for interaction revealed no statistical interac- tion between African American race and sST2 categories (P interaction ϭ 0.5). Participants in the highest sST2 category were also at increased risk for cardiovascular death in unadjusted models (hazard ratio 3.3, 95% CI 1.7-6.5; P ϭ 0.0004). Adjusted for traditional risk factors, the hazard for cardiovascular death was attenuated and borderline statistically significant (hazard ratio 1.9, 95% CI 0.99 -3.9; P ϭ 0.05). Participants in the highest sST2 category also had an increased risk for noncardiovascular death (P ϭ 0.009) and cancer death (P ϭ 0.018) after adjustment for traditional risk factors. The ability of sST2 concentrations to improve prediction of all-cause death beyond traditional risk factors, including eGFR, was assessed with metrics of discrimination (c-index), calibration (HosmerLemeshow P value), and reclassification (IDI and NRI) (online Supplemental Table 2 ). The c-index did not change with addition of sST2 categories to traditional risk factors (c-index ϭ 0.79 with and without sST2, P ϭ 0.7 for comparison) but did significantly improve with the addition of log hsCRP, log NT-proBNP, log GDF-15, and cTnT (c-index ϭ 0.82, P ϭ 0.0003 for comparison) (see online Supplemental Table 2 ). Adding sST2 categories to a model including traditional cardiovascular risk factors and these markers did not improve the c-index (0.82, P ϭ 0.8 for comparison) (see online Supplemental Table 2 ). However, this model including sST2 was well calibrated and significantly improved reclassification (see online Supplemental Table 2 ). Inclusion of history of HF did not qualitatively alter these findings.
ASSOCIATIONS BETWEEN sST2 AND INCIDENT NONFATAL CARDIOVASCULAR EVENTS
We analyzed 185 nonfatal cardiovascular events. Although the highest sST2 category was significantly associated with increased nonfatal cardiovascular events in unadjusted analyses (hazard ratio 1.9, 95% CI 1.2-3.0, P ϭ 0.005) ( Table 4) , this association was attenuated and no longer significant in a fully adjusted model (HR for highest sST2 category 1.5, 95% CI 0.9 -2.3, P ϭ 0.10) ( Table 4 ). Incident heart failure was the only nonfatal endpoint associated with sST2 (highest sST2 category: unadjusted P value ϭ 0.007, adjusted P value ϭ 0.06).
Discussion
We report, in a large population-based study of middle-aged participants, that higher sST2 concentrations are independently associated with a 2-fold increased risk of all-cause death. However, this association was significantly attenuated after adjustment for cardiac-specific biomarkers. Unlike most cardiovascular biomarkers, sST2 concentrations do not correlate strongly with age or other traditional risk factors except for male sex, but are remarkably higher in African Americans. Our findings extend prior reported associations of higher sST2 concentrations with mortality within high-risk populations to a younger, low-risk population-based sample and are the first report of a race-specific association with sST2 concentrations within the general population.
ST2 is a member of the IL-1 receptor superfamily, which is mainly involved in regulating inflammatory responses in various chronic inflammatory conditions (34 ) . Similar to other IL-1 receptor family members, ST2 has both a membrane-bound isoform, ST2L, and a soluble isoform, sST2 (2 ) . In murine models, ST2 is transcriptionally activated in cardiac myocytes by mechanical strain (1 ). However, serum sST2 does not correlate with myocardial expression of ST2 in patients with chronic HF, a finding that contrasts notably with natriuretic peptides, which have a much closer correlation between myocardial expression and circulating concentrations (35 ) . In addition, HF does not result in a transmyocardial gradient of soluble ST2 (35 ) . ST2 is rapidly synthesized and released from endothelial cells 
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through a secretory pathway in response to inflammation, supporting the notion that vascular endothelium is likely the major source of increases in circulating sST2 (35 ) . IL-33 is the major ligand for ST2. Within mechanically stimulated cardiomyocytes, IL-33/ST2L mediated nuclear factor (NF)-B signaling pathway has an antihypertrophic effect on cardiomyocytes (1 ). However, this antihypertrophic effect is inhibited by IL-33 binding to sST2 in the circulation, suggesting that sST2 may serve to act as a decoy receptor for IL-33 signaling (1 ). Given its inhibitory effect on the IL-33/ST2L signaling pathway, sST2 has been studied as a potential adverse cardiovascular biomarker, particularly in heart failure and hypertensive heart disease.
Prior studies of sST2 in humans have mainly reported associations between sST2 concentrations and cardiovascular risk factors in patients with HF or other high-risk conditions (5) (6) (7) 9 ) . In our population-based study, traditional cardiovascular risk factors were only modestly correlated with the presence vs absence of detectable sST2 concentrations and did not increase with increasing sST2 concentrations in a dosedependent fashion. Although detectable concentrations were significantly more common among the small number of individuals with self-reported HF, this factor did not explain variation in sST2 in the multivariable models. Inflammatory markers and GDF-15 significantly associated with detectable sST2 concentrations in both the overall sample as well as in African Americans, suggesting that pathways reflected by these markers may be more important in determining circulating sST2 concentrations than traditional cardiovascular risk factors. The relatively modest association of sST2 with traditional risk factors is consistent with several prior studies in selected populations at high risk (7, 8, 10 ) .
These findings support the notion that sST2 concentrations may be significantly influenced by genetic factors. Our observations that sST2 concentrations are markedly higher in African Americans support this concept. Detectable sST2 concentrations were present in 44% of African Americans in the Dallas Heart Study, double the prevalence in non-African Americans (21% of white and 21% of Hispanic participants), including those without self-reported HF. In addition, African American race was the strongest predictor of detectable sST2 concentrations, and traditional risk factors were not significantly associated with sST2 among African Americans. One prior study in patients with New York Heart Association class III-IV heart failure found that nonwhite patients had significantly higher baseline sST2 concentrations compared with white patients (8 ) . We report the first race-specific association with sST2 concentrations in the general population free from HF.
Prior studies have shown that higher sST2 concentrations associate with both nonfatal cardiac events as well as mortality in high-risk patients (5) (6) (7) (8) (9) (10) . Our study extends these findings to a low-risk populationbased sample: higher baseline sST2 concentrations are associated with increased all-cause mortality and are weakly associated with cardiovascular mortality in the general population. However, sST2 concentrations were not associated with subclinical CVD and only marginally associated with nonfatal cardiovascular events, suggesting that the increased risk of death with higher sST2 concentrations may be mediated through non-CVD phenotypes. One putative mechanism of an increased mortality risk with increased sST2 may occur by mitigation of the antihypertrophic effect of IL-33/ST2L activation (1 ). This could lead to cardiac hypertrophy, a known risk factor for cardiovascular mortality (36 ) . In our population-based sample, detectable sST2 was correlated with LV mass/body surface area (BSA), but the association between sST2 concentration and LV mass/ BSA was no longer significant among subjects with detectable sST2 concentrations. Moreover, the adjusted hazard for mortality was not significantly attenuated with further adjustment for LV mass/BSA. Lastly, there was no association between left ventricular systolic function or NT-proBNP and sST2 concentrations. These findings suggest that the increased mortality risk with higher sST2 concentrations in the general population is not explained by LV hypertrophy or systolic dysfunction.
Another putative mechanism of increased mortality may be related to the role of IL-33/ST2L signaling in reducing atherosclerosis formation (4 ) . In our study sample, although the prevalence of coronary calcium (Agatston score Ͼ10) was increased in those with detectable sST2 concentrations, there was no association in adjusted regression models. Similarly, subclinical measures of aortic atherosclerosis also did not correlate with sST2 concentrations.
Although sST2 concentrations were not significantly associated with subclinical cardiovascular phenotypes or cardiovascular events that confer increased mortality risk, complex and sometimes divergent associations were observed with several inflammatory markers. For example, sST2 positively associated with TNFR1, LTBR, and GDF-15, but inversely associated with sVCAM, sICAM, and MCP-1. IL-33 increases production of these endothelial adhesion molecules, supporting the inverse association with its decoy receptor, sST2 (37 ) . IL-33 has been shown to induce both proinflammatory and anti-inflammatory cytokines, which might explain the discordant associations seen between sST2 and inflammatory markers in our study (38, 39 ) . Clinical studies in humans have reported correlations between increased sST2 concentrations and inflammatory conditions (40 ) , suggesting that inflammation may be 1 pathway by which sST2 confers increased mortality risk. In addition, in our study sST2 was significantly correlated with cTnT, a sensitive marker of cardiac injury (23 ) , and GDF-15 (16 ), wellestablished markers of mortality not only in high risk cohorts but in healthier populations as well. The association between sST2 and mortality in our populationbased sample was attenuated by adjustment for these markers (hsCRP, cTnT, and GDF-15). It is therefore likely that part of the increased mortality risk seen with increased sST2 concentrations in the general population may be explained via pathways reflected by these markers.
Our findings provide support for a potential pathophysiological role of sST2 in overall risk of death but not specifically CVD; in particular, the novel findings in African Americans suggest that the sST2 pathway may contribute to excess risk for mortality among African Americans. However, the present findings do not support a clinical role at this time for sST2 measurement to assess risk in the general population. Adjustment for cTnT (measured with the high-sensitivity cTnT assay), NT-proBNP, and the emerging cardiovascular biomarker GDF-15 significantly attenuated the associations between sST2 and mortality. Moreover, the improved reclassification (IDI and NRI) with addition of sST2 to traditional risk factors, although statistically significant, was quantitatively modest. It is important to note that the majority of individuals did not have detectable sST2 concentrations, which limited the ability to assess dose effects of sST2 with risk markers and fatal outcomes. The development of more sensitive assays is needed to fully explore the potential role of this biomarker for population screening.
Several limitations are noted. First, survival analyses were based on relatively small numbers of cardiovascular deaths in this study population, limiting statistical power. Second, the cardiovascular deaths were based on ICD-10 codes, which are prone to misclassification. Third, the main ligand of ST2, IL-33, was not measured, prohibiting complete assessment of the circulating ST2 system.
In conclusion, in the general population, plasma sST2 concentrations are significantly increased in African Americans and are associated with increased allcause mortality and weakly associated with increased cardiovascular mortality. These associations are largely unexplained by left ventricular hypertrophy, heart failure, subclinical atherosclerosis, or nonfatal cardiac events and are likely related, in part, to increased chronic inflammation. In contrast to most other cardiovascular biomarkers, sST2 concentrations are not strongly influenced by age and other traditional risk factors, supporting the idea that sST2 concentrations may be influenced by genetic factors to a greater extent than other cardiac biomarkers. Further studies are warranted exploring race-specific associations with sST2 and the potential role of this biomarker for mortality risk assessment in the general population. 
